The aerial epidermis of plants plays a major role in their environment interactions, and the 9 development of its cellular components -trichomes, stomata and pavement cells-is still not fully 10 understood. We have performed a detailed screen of the leaf epidermis of two generations of the 11 well-established Solanum pennellii ac. LA716 x Solanum lycopersicum cv. M82 introgression line (IL) 12 population using a combination of scanning electron microscopy techniques. Quantification of the 13 trichome and stomatal densities in the ILs revealed 18 genomic regions with a low trichome density 14 and 4 ILs with a high stomatal density. We also found ILs with abnormal proportions of different 15 trichome types and aberrant trichome morphologies. This work has led to the identification of new, 16 unexplored genomic regions with roles in trichome and stomatal formation and provides an 17 important dataset for further studies on tomato epidermal development that is publically available 18 to the research community. 19
Introduction 20
The epidermis is the external cell layer of plant organs and, in aerial tissues, consists of three types 21 of specialised cells: trichomes (hairs), stomata and pavement cells. Trichomes are outgrowths 22 (commonly referred to as hairs) which can have different sizes and shapes, and their morphology has 23 been used commonly for taxonomic purposes (Payne, 1978) . In Solanum lycopersicum (tomato) and 24 related species, trichomes are multicellular and have been classified into seven different types 25 according to size, morphology and metabolic profiles of those bearing glandular heads (Luckwill, 26 1943, Simmons and Gurr, 2005) . Stomata are pores surrounded by two specialised guard cells in 27 which turgor is regulated to control gas exchange between the plant and the atmosphere 28 (Hetherington and Woodward, 2003) . Stomata, in contrast to trichomes, have conserved 29 morphology and function in plants (Chater et al., 2017) . Pavement cells are relatively unspecialised 30 epidermal cells which ensure an adequate patterning of trichomes and stomata on the leaf surface. 31
In tomato, pavement cells have a characteristic undulated shape, like pieces of a jig-saw puzzle, a 32 shape which is not uncommon in other dicotyledonous plants (Vőfély et al., 2019) . These different 33 cell types emerge from a single cell layer, the protodermis, and therefore are developmentally 34 linked, as suggested by studies in tobacco and tomato (Glover et al., 1998 , Glover, 2000 . The 35 importance of correct spacing of epidermal cell types and the potentially limited size of the pool of 36 protodermal cells implies cross-talk in the regulation of determination of different cell fates in the 37 epidermis. 38
From a developmental point of view, most studies of trichome formation have focused on the model 39 plant Arabidopsis thaliana, which produces only one type of unicellular, non-glandular trichome, 40 contributing to the establishment of a detailed model for their initiation and development at the 41 cellular and molecular levels (Pattanaik et al., 2014 , Szymanski et al., 1998 . The transcriptional 42 regulation of trichome initiation in A. thaliana involves the formation of a MYB-BHLH-WD40 (MBW) 43 complex which induces trichome formation. The main MYB transcription factor forming part of this 44 complex is GLABROUS1 (GL1) (Larkin et al., 1994) , although MYB23 and MYB82 can perform the 45 same function redundantly (Kirik et al., 2005 , Liang et al., 2014 . Three BHLH factors can form part of 46 this MBW complex, GLABRA3 (GL3) (Payne et al., 2000) and ENHANCER OF GLABRA3 (EGL3) (Zhang 47 et al., 2003) , and TRANSPARENT-TESTA8 (TT8) plays the same role in leaf margins (Maes et al., 2008) . 48
Additionally, a WD40 factor has been identified as part of the complex, TRANSPARENT TESTA 49 GLABRA1 (TTG1) (Walker et al., 1999) . This complex activates the expression of downstream genes 50 necessary for trichome development. One such target is the WRKY transcription factor encoded by 51 TRANSPARENT TESTA GLABRA 2 (TTG2). TTG2 has been suggested to be recruited to the MBW 52 complex itself through interaction with the WD40 protein TTG1 (Pesch et al., 2014; Lloyd et al., 53 2017). Alternatively, TTG1 and TTG2 may interact downstream of the MBW complex to narrow the 54 target genes responding to its transcriptional regulation (Lloyd et al., 2017) Among other targets, 55 GLABRA2 (GL2) encodes an HD-Zip transcription factor essential for the correct morphogenesis of 56 the mature trichomes (Szymanski et al., 1998 Zhou et al., 2013 , Gan et al., 2006 . In contrast, negative regulation of 60 trichome initiation involves the expression of small R3 MYB transcription factors in the trichome 61 initial including TRYPTICON (TRY), CRAPICE (CPC), ENHANCER OF TRYPTICON AND CAPRICE1/2/3 62 (ETC1/2/3) and TRICHOMLESS1/2 (TCL1/2). These R3 MYB proteins can move to neighbouring cells 63 and compete with GL1 in the formation of the MBW complex (Wester et al., 2009 , Wada et al., 1997 , 64 Schnittger et al., 1999 , Kirik et al., 2004b , Kirik et al., 2004a . However, this model does not apply to tobacco, tomato or related species (Serna and Martin, 2006) , where trichome formation is 66 controlled by different regulatory proteins (Lloyd et al., 2017) . 67
In tomato, the focus of research has been on glandular trichomes and the metabolites they secrete 68 (Schilmiller et al., 2008 , McDowell et al., 2011 . A number of different transcription factors involved 69 in trichome formation have been identified. SlMX1 (a MIXTA transcription factor) was shown to 70 control trichome initiation in tomato, while also regulating cuticle deposition and carotenoid content 71 The use of wild tomato species as a source of genetic variation has resulted in the identification of 88 important quantitative trait loci (QTLs) for many traits (Rick and Chetelat, 1995) , and has been 89 undertaken traditionally by screening of near-isogenic introgression lines (ILs), generated by 90 successive backcrossing of the offspring of a cross between a wild relative species and a cultivated 91 crop to the cultivated parent (Eshed and Zamir, 1995). The most widely used IL population in tomato 92 is the S. pennellii ac. LA716 x S. lycopersicum cv. M82 IL population, which has been extensively 93 Results 113
-Identification of genomic regions involved in the determination of leaf trichome density. 114
We evaluated the adaxial leaf epidermis of fully expanded first true leaves of the IL population over 115 two generations, and we identified specific ILs consistently showing differences for specific 116 parameters over the two generations. We measured trichome density in the parental lines S. 117 lycopersicum cv. M82 and S. pennellii ac. LA716 ( Fig 1A) as well as the ILs over two generations (Fig. 118 1B and S1). Seedlings were grown for 3-4 weeks until the first true leaves were fully expanded. For 119 each leaf sample 8-15 micrographs of the adaxial epidermis of the same area of a leaflet of the one 120 of the first true leaves were prepared. Three to four seedlings were scanned for each IL in each 121 generation. 122
We measured the trichome and stomatal density of S. pennellii ac. LA716 and S. lycopersicum cv. 123 M82 parents on the adaxial surface of leaves and found it was three-fold higher in S. pennellii ac. 124 LA716 compared to S. lycopersicum cv. M82 ( Fig. 1A and 2A ). This is in agreement with previous 125 reports on trichomes in Solanum species (Simmons and Gurr, 2005) but contrasts with previous 126 reports of stomatal density in S. pennellii, where stomatal density in S. pennellii was reported to be 127 lower than in S. lycopersicum (Chitwood et al., 2013, Heichel and Anagnostakis, 1978b). These 128 differences supported the use of S. pennellii as a donor species to study epidermal development in 129
Solanum.
We observed 19 ILs with low trichome density over the two generations: specifically ILs 2-1-1, 2-2 131 and 2-3 on chromosome 2; IL 4-1 in chromosome 4; ILs 5-3 and 5-4 on chromosome 5, IL 7-2 on 132 chromosome 7; ILs 8-1, 8-1-1 and 8-2-1 on chromosome 8; ILs 9-1-3, 9-3-1 and 9-3-2 on 133 chromosome 9; ILs 10-1 and 10-3 on chromosome 10; ILs 11-2 on chromosome 11; and ILs 12-1, 12-3 134 and 12-3-1 on chromosome 12. IL 11-3 had a significantly higher trichome density only in the first 135 generation, but in the second generation, although not significantly different from M82, it averaged 136 the highest value for trichome density. 137
-Identification of genomic regions involved in the determination of leaf stomatal density. 138
We measured the stomatal density of the parental lines S. lycopersicum cv. M82 and S. pennellii ac. 139 LA716 (Fig 2A) and over two generations of the IL population ( Fig. 2B and S2 ). We identified four ILs 140 with high stomatal density. These were: IL 5-1 on chromosome 5; ILs 7-2 and 7-5 on chromosome 7 141 and IL 8-3-1 on chromosome 8. No IL showed consistently lower stomatal density than M82. 142
-Identification of genomic regions involved in the determination of trichome types. 143
We classified trichomes according to the categories established by Luckwill et al., (1943) over two 144 generations. Trichomes were extensively damaged by the use of chemical fixation and critical point 145 drying of the samples from the first generation (Fig. S3 ), and therefore we focused our analysis on 146 the data from the second generation ( Fig. 3) . In M82, the main trichome type is type I/IV, accounting 147 for 63% of the total. The other types of trichome found in S. lycopersicum were observed in smaller 148 percentages (5-10%). We used the distribution in M82 as a standard for comparison with the rest of 149 the ILs. For most lines, type I/IV trichomes were the most abundant, although ILs 2-1, 3-3, 4-3-2,8-1-150 1 and 8-2-1 showed substantial reductions in this type of trichome. This reduction in type I/IV 151 trichomes was compensated by an increase in non-glandular type V trichomes in ILs 2-1 and 3-3. For 152 21 of the ILs, we did not observe any type V trichomes on the adaxial surface of the first true leaf. 153 Type VI trichomes were generally observed at low frequency, but type VI trichomes were the most 154 common type in IL 8-1-1, 8-2-1 and 8-3-1. A total of 6 ILs, ILs 2-4, 2-6-5, 4-1, 4-1-1, 5-5 and 9-3 155 showed no type VI trichomes in the assessed tissue. Type VII trichomes were the rarest and absent 156 on the first true leaves of 31 of the ILs. Importantly however, the absence of any one type of 157 trichome from the adaxial epidermis of the first true leaf does not imply a complete absence of this 158 trichome type in other tissues. 159
-Identification of genomic regions involved in trichome morphogenesis and spatial patterning. 160
For each line under study, trichomes showing aberrant morphology were recorded ( Fig. 4 and S4) . 161
The most common type of aberrant trichome found in the population consisted of two swollen cells 162 emerging from a type I-like multicellular base. This type of trichome was observed in ILs 4-3-2, 5-3, 163 6-4, 7-5, 8-1-2 and 11-3 ( Fig. 4B-G) . Trichomes with aberrant division patterns were also found in ILs 164 1-1-2, 5-1 and 7-4-1 ( Fig. S4A-C) . In IL 10-2, we observed another type of aberrant trichome, 165 consisting of branched, multicellular, non-glandular trichomes (Fig. S4D ). In every IL with aberrant 166 trichomes, the aberrant forms always appeared alongside wild type trichomes of the same type in 167 both generations ( Fig. 3 and S3 ). 168
Finally, we observed unusual clusters of trichomes on the adaxial surface of leaves in ILs 2-5 and 2-6 169 ( Fig. 5) . In young leaves, trichomes in M82 are equally distributed on the leaf surface and they are 170 oriented in the same direction (Fig. 5A ). However, in IL 2-5 trichomes were clustered in groups of up 171 to 4 trichomes and they were randomly oriented (Fig. 5B ). In mature, fully expanded leaves, we 172 could still observe clusters of two trichomes in ILs 2-5 and 2-6, and these observations were made 173 for glandular and non-glandular trichomes (Fig. 5 ). Trichomes in these clusters were found oriented 174 in all possible directions respectively to each other. 175 Through comparison to S. pennellii ac. LA716 and to S. lycopersicum cv. M82 (Fig. 1A and 2A) we 179 identified 18 ILs that showed consistent phenotypes over two generations, suggesting stable genetic 180 components regulating trichome density in these ILs. Interestingly, most of the ILs analysed showed 181 lower trichome density than M82, and these differences were consistent in both generations of the 182 IL population ( Fig. 1B and S1B ). This was unexpected given the values observed for the parents (Fig.  183   1A) . However, the complexity of trichome development, which involves cell wall expansion, cell to the IL 2-3 region of chromosome 2. These genes are potential candidates for determining the 196 phenotype observed in this line ( Fig. 1 and S1 ). The Woolly transcription factor interacts with a type-197 B cyclin (SlCycB2, Solyc10g083140), essential for division of multicellular trichomes, which causes a 198 dramatic reduction in trichome density when silenced in RNAi lines (Gao et al., 2017). This gene 199 maps to the region covered by IL 10-3, and might also be responsible for the low trichome density in 200 this line. Further analysis of these ILs will be necessary to determine whether other factors might be 201 involved in the determination of trichome density. 202
We assessed trichomes on the adaxial surface of the first true leaf of two generations of the ILs, 203 using chemical fixation coupled with room temperature SEM for the first generation ( Fig. S3 ) and 204 cryo-scanning electron microscopy (SEM) for the second generation (Fig. 3 ). Trichomes were 205 classified according to (Luckwill, 1943) , although we grouped type I and type IV in the same group 206 based on their similar morphology and metabolic profiles as proposed by (McDowell et al., 2011) . In 207 a similar fashion, non-glandular trichomes are traditionally classified as type II, III or V depending on 208 their length, but for comparative purposes we classified them all as type V ( Fig. 3 and S3 ). The most 209 abundant trichome type in M82 and most ILs was type I/IV (Fig. 3 , in contrast to previous reports, 210 that ranked type VI trichomes as the most common glandular trichomes (Bergau et al., 2015). 211
However, the density of type I trichomes has been reported to be a juvenility trait, being very high in 212
the first leaf -the leaf we assessed ( Fig. 3 and S3 ) (Vendemiatti et al., 2017) . We observed five lines 213 with a low proportion of type I trichomes (Fig. 3 ). In the case of ILs 2-1 and 3-3, this was 214 compensated by an increase in the percentage of type V trichomes, in contrast to the observations 215 in Vendemiatti et al. (2017) , making these good candidate lines for further research into the control 216 of the juvenile phase in vegetative development of tomato. In the case of ILs 8-1-1 and 8-2-1, the 217 observed reduction in type I trichomes was accompanied by a reduction in trichome density ( Fig. 1  218 and 3). This suggests that the pathway controlling the formation of type I trichomes may be 219 compromised in these lines, while other types of trichome might not be affected. Both lines also 220 showed an increased proportion of type VI trichomes. This could indicate that different types of 221 trichome are controlled by different regulatory mechanisms and that these mechanisms might be 222 interlinked to compensate for alterations in the distribution between trichome types, in agreement 223 with previous reports in tomato (Li et Type VI trichomes were relatively unabundant in the sampled leaves, but absent only in 6 ILs of the 225 population. IL 4-1 had no type VI trichomes, and this line also had low overall trichome density ( Fig.  226   1 and 3) . Similar to the ILs on chromosome 8, this low trichome density could be due to a specific 227 reduction in type VI trichomes. However it is important to note that, although we could not find type 228 VI trichomes on the adaxial surface of the first true leaves, they were found on stems and major 229 veins, suggesting that IL 4-1 influences tissue-specific regulation of epidermal development, which 230 has been reported in other species such as A. thaliana (Schnittger et al., 1998) or Antirrhinum majus 231 (Glover et al., 1998) . Type VII trichomes were rare in the interveinal leaf tissue of all lines, resulting 232 in our finding none in almost half of the lines (Fig. 3) . This type of trichome was, however, commonly 233 found on major and minor veins, indicating that their number is higher in epidermis overlying 234 vascular tissues. 235
We found several ILs with aberrant trichome morphologies ( Fig. 4 and S4) and unusual epidermal 236 patterning (Fig. 5) . The most common aberrant morphology consisted of a multicellular base similar 237 to that found in type I trichomes, with two swollen cells emerging from this base (Fig. 4) in the process of cell elongation or cytoskeleton development in trichomes. In fact, the ARPC2A gene 246 maps to the IL 11-3 region of tomato (Fig. 4G) . The ACTIN-RELATED PROTEIN 3 (ARP3) and ACTIN-247 RELATED PROTEIN 2/3 COMPLEX SUBUNIT 3 (ARPC3) genes encode proteins that are part of the 248 complex required for actin filament formation (Goley and Welch, 2006) , and map to the IL 4-3-2 and 249 IL 7-5 regions respectively ( Fig. 4B and E) . All of these aberrant trichomes appear amid wild-type 250 looking trichomes ( Fig. 3 and S3 ) pointing towards phenotypes caused by small changes in 251 expression or functionality of S. pennellii alleles of the genes rather than gain-or loss-of-function 252 differences between the two species. We also observed branched, multicellular, non-glandular 253 trichomes in IL 10-2 which lacked a multicellular base (Fig. S4D ). This structure resembles the type V-254 like trichomes observed in SlCycB2 or Woolly RNAi lines (Yang et al., 2011) . In fact, SlCycB2 maps to 255 the region delimited by this IL, indicating that the S. pennellii allele of the gene might have reduced 256 activity compared to the alleles in M82. Finally, we observed an unusual clustering of trichomes in 257 ILs 2-5 and 2-6 ( Fig. 5 ). Trichomes are evenly distributed over the leaf surface in tomato (Fig. 5A) , 258 although the mechanisms by which this patterning is determined are unclear. In A. thaliana, 259 trichome patterning is mediated by small MYB transcription factors that inhibit trichome initiation in 260 cells adjacent to newly formed trichomes (Hauser, 2014), but the mechanism in tomato and related 261 species is not yet understood (Tominaga- Wada et al., 2013) . These ILs provide useful tools to gain 262 new insights into cell fate determination in the epidermis of tomato leaves.
We also measured the stomatal density for each line in both generations of the ILs (Fig. 2 and S2) . 264
We identified 4 ILs with a consistently high stomatal density in both generations. Interestingly, most 265 of the ILs showed a higher stomatal density than the parental line M82 (Fig. 2 and S2) . In previous 266 studies a lower stomatal density in S. pennellii compared to S. lycopersicum has been reported 267 (Heichel and Anagnostakis, 1978, Chitwood et al., 2013), although our study showed a stomatal 268 density significantly higher in S. pennellii than in the cultivated parent ( Fig. 2A) . These differences 269 were the opposite to those observed for trichomes, where most ILs had a lower trichome density 270 than M82 (Fig. 1 and S1 ). These observations suggested a possible developmental link between the 271 two epidermal structures, perhaps involving an early commitment of cell fate to trichome formation 272 that prevents stomatal formation thereafter as described for tobacco (Glover et al., 1998) Lines are classified according to the chromosomal region introgressed from S. pennellii and each bar 386
represents an IL, and the height of each colour section represents the proportion in percentage of 387 each type of trichome. Blue represents type I/IV trichomes; green represents type V trichomes; red 388 represents type VI trichomes; grey represents type VII trichomes, orange represents damaged 389 trichomes and purple represents aberrant trichomes. A schematic representation of each type of 390 trichome is displayed in the legend. Trichomes are classified in different types according to (Luckwill, 391 1943) . 392 
